Combining classical molecular dynamics simulations and density functional theory calculations, we find that cations block water flow through narrow (6,6)-type carbon nanotubes (CNTs) because of interactions between cations and aromatic rings in CNTs. In wide CNTs, these interactions trap the cations in the interior of the CNT, inducing unexpected open or closed state switching of ion transfer under a strong electric field, which is consistent with experiments. These findings will help to develop new methods to facilitate water and ion transport across CNTs. DOI: 10.1103/PhysRevLett.115.164502 PACS numbers: 47.61.-k, 31.15.xv, 61.48.De, 89.40.Cc Understanding and controlling the behavior of water molecules across carbon-based nanochannels is of great importance. It has attracted widespread attention in water desalination and purification [1, 2] , nanofluidic manipulation [3] [4] [5] [6] [7] [8] [9] [10] , the design of biomimetic pores [11] [12] [13] based on carbon nanotubes (CNTs), precise molecular sieving through graphene or graphene-oxide membranes [14, 15] , and understanding biological activities in cellular transport phenomena [16] [17] [18] . In practice, the behavior of water molecules across carbon-based nanochannels is usually significantly affected by the ionic environment [14, [19] [20] [21] [22] [23] [24] . However, in recent years, some serious discrepancies have arisen between theory and experiments, which has greatly hindered the understanding of the properties and applications of carbon-based nanochannels. For example, it has long been expected that the narrow (6,6)-type CNT can be used as an excellent seawater desalination membrane [1, 25, 26] because of its experimentally confirmed ultrafast pure water flow [27] [28] [29] [30] [31] and theoretically predicted ion rejection [25, 26, [32] [33] [34] [35] [36] . However, to date, there is insufficient experimental evidence of adequate salt rejection for desalination [2] , even though fabrication of CNT membranes has greatly improved [37] [38] [39] .
Understanding and controlling the behavior of water molecules across carbon-based nanochannels is of great importance. It has attracted widespread attention in water desalination and purification [1, 2] , nanofluidic manipulation [3] [4] [5] [6] [7] [8] [9] [10] , the design of biomimetic pores [11] [12] [13] based on carbon nanotubes (CNTs), precise molecular sieving through graphene or graphene-oxide membranes [14, 15] , and understanding biological activities in cellular transport phenomena [16] [17] [18] . In practice, the behavior of water molecules across carbon-based nanochannels is usually significantly affected by the ionic environment [14, [19] [20] [21] [22] [23] [24] . However, in recent years, some serious discrepancies have arisen between theory and experiments, which has greatly hindered the understanding of the properties and applications of carbon-based nanochannels. For example, it has long been expected that the narrow (6,6)-type CNT can be used as an excellent seawater desalination membrane [1, 25, 26] because of its experimentally confirmed ultrafast pure water flow [27] [28] [29] [30] [31] and theoretically predicted ion rejection [25, 26, [32] [33] [34] [35] [36] . However, to date, there is insufficient experimental evidence of adequate salt rejection for desalination [2] , even though fabrication of CNT membranes has greatly improved [37] [38] [39] .
As another example, in recent experiments in the design of human-made biological ion channels, Strano et al. observed unexpected ion pore-blocking behavior in wide (diameter > 1 nm) single-walled CNTs in salt solutions [22] [23] [24] 40] . Because of the presence of cations (Li þ , Na þ , K þ , and Cs þ ), the CNTs exhibited special open or closed Coulter-state switching for current carried by protons when the system was above a threshold voltage. Otherwise, the channel maintains a closed state under lower voltages [22] [23] [24] . Unfortunately, this ion pore blocking and open or closed state switching of ion transfer cannot be explained using classical molecular dynamics (MD) simulations [40] ; this is partly because the interactions between hydrated cations and the CNT in classical MD simulations only contain van der Waals interactions, which are not sufficient to trap ions in the CNTs.
Most carbon-based nanochannel surfaces, such as CNTs, nanoporous graphene, graphene-oxide laminate, and aromatic rings in biomolecules and organic molecules, contain an aromatic structure, which is a hexagonal carbon ring rich in π electrons. Although there are only weak interactions between aromatic rings and water molecules, the aromatic rings strongly interact with cations, referred to as cation-π interactions [41] . However, in the study of the behavior of water molecules across carbon-based nanochannels, cation-π interactions are usually ignored, despite their important roles in various systems and applications, such as control of the structure and function of microscale and nanoscale materials, macromolecules, and proteins [21, [41] [42] [43] [44] [45] [46] [47] [48] . We recently investigated cation-π interactions between hydrated ions and carbon-based structures in aqueous solution, and our theoretical prediction of ion enrichment on graphite surfaces [49] was confirmed by the recent experiment of Joshi et al. [14] . Molecule-thick pancakes of aqueous NaCl solution on graphite surfaces, due to cation-π interactions between hydrated Na þ in solution and surfaces predicted by theory, have also been experimentally observed [50] . Thus, cation-π interactions should be considered in the analysis and numerical simulations of the hydrated ion behavior inside or near CNTs.
Here, we show that these discrepancies between theory and experiments arise from a misunderstanding of the interaction of hydrated ions with CNTs. Combining classical MD simulations and density functional theory (DFT) calculations, we show that water flow in narrow (6,6)-type CNTs is blocked by cations in solution because of strong noncovalent cation-π interactions. By functionalizing the CNT entrance with saturated groups (−CH 2 CH 2 −) or applying an electric field along the channel, this ion blocking can be prevented while maintaining a fast water flow rate (> 40% of that in the same system for pure water) through the CNT and 100% ion rejection. In the wider (8, 8) -type CNT, our calculations show that Na þ ions are easily trapped in the interior of the CNT, and an electric field above a threshold value will allow the cations to escape from the trapped state and move through the channel, inducing open or closed state switching of ion transfer. This has been observed in experiments, but has not been previously predicted by theoretical analysis or numerical simulation. Moreover, simulations with K þ , NðCH 3 Þ 4 þ , and Cl − are also consistent with experimental results. These findings provide new insight for the understanding and design of desalination membranes, new types of nanofluidic channels, nanosensors, and nanoreactors based on a CNT platform.
We first obtained the energy curve for adsorption of Na þ ion to a 14-Å-long (6,6)-type CNT (C 144 H 24 ) at the B3LYP=6-31GðdÞ level in the Gaussian-09 program [51] .
The curve is relatively flat in the interior of the CNT and sharply increases at the two entrances [ Fig. 1(a) ]. A fitting curve constructed from two arctangent (arctan) functions was used to model the potential of Na þ in the CNT,
where z is the distance between Na þ and the center of the CNT along the tube's z axis, ε is the adsorption energy of the Na þ at the center of the CNT, and the parameters z m , α, and λ are fitting coefficients. For the Na þ with the (6,6)-type CNT, ε ¼ 29.5 kcal mol −1 . α ¼ 1.1 is a fitting coefficient from the adsorption energy obtained by quantum mechanical calculation, to be applied to the potential curve. z m ¼ 8.6 Å and λ ¼ 1.6 Å −1 are parameters for adjusting the shape of the platform. The analysis of residual charges shows a clear amount of charge transfer between the adsorbed Na þ and the CNT [see Fig. 1(b) ]. Energy decomposition analysis and molecular orbital analysis show that the orbital interaction provides the main adsorption energy of Na þ adsorbed in the CNT (see Supplemental Material PS1 [52] ). We implemented the interactions between hydrated cations in solution and π-electron-rich aromatic rings in the CNTs in the parallel simulation program NAMD [62] based on the DFT calculations (see Supplemental Material PS2-6 [52] ). The CHARMM Lennard-Jones (L-J) potentials remain; then, the total potential for Na Fig. 1(a) . All of the MD simulations were performed under periodic boundary conditions in the canonical (NVT) ensemble at 300 K (see Supplemental Material PS7 [52] ).
We use hydrated Na þ in the narrow (6,6)-type CNT as an example to illustrate the concept of water flow blocked by cations in solution. The simulation system consisted of a filter membrane formed by four (6,6)-type CNTs, as shown in Fig. 1(c) . A NaCl solution with 500 water molecules and 10 NaCl pairs is on the left, and pure water is on the right. A pressure difference of 20 MPa was obtained between the two entrances of the CNT by applying a constant force on an impermeable wall [64] . Figure 1 clearly shows that water flow in these narrow CNTs is blocked by ions. In the 20-ns simulation, the first CNT channel is blocked by Na þ at the entrance starting at 0.4 ns, and all of the channels are blocked by ions after 2.5 ns, as shown in Fig. 1(c) . For comparison, we also performed MD simulations without cation-π interactions. In this case, the Na þ ions were dispersed in the solution and all of the channels remained open.
The flow trajectories are shown in Fig. 1(d) (the first 15 ns is shown, and the full 20-ns trajectories are provided in Supplemental Material PS8 [52] ). Water flow stopped at 2.5 ns when all of the channels were blocked by Na þ . Interestingly, the flow rate was 3.0 ns −1 per nanochannel and slightly fluctuated in the process of Na þ binding to the CNTs from 0.4 to 2.5 ns, shown by the pink shaded region in Fig. 1(d) . This flow rate was much higher than that in the same system without cation-π interactions (1.2 ns −1 per nanochannel). We measured the number of 
Na
þ ions bound at the entrance of the CNTs (N b ) and the center of mass of all Na þ (z c ) in the binding process. The Na þ moved towards the CNT from 0.4 to 2.5 ns [blue shaded region in Fig. 2(b) ]. During this Na þ binding process, the water molecules traveled through the channel in the same direction, leading to significant water flow. Moreover, the structure of the first Na þ hydration shell changed in the binding process. A typical case is shown in Fig. 2(a) . During the first 2.4 ns, the Na þ ions diffused in the solution with mainly six-coordinated water molecules in its first hydrated shell. After the Na þ bound to the entrance of the CNT channel at 2.5 ns, the first hydrated shell around the bound Na þ changed to four-coordinated water molecules. Three of these water molecules were located on the bulk side, and one was located in the interior of the CNT channel. The steric effect of the CNT confined the coordinated water molecules in a small space, leading to changes in the structure of the hydrated shell. Moreover, additional simulations of the other four parallel systems, H-terminated CNT, larger system, and longer simulation time also showed water blocking by Na þ , indicating that the blocking of water flow in CNTs by ions generally occurs (Supplemental Material PS9-12 [52] ).
It is clear that water flow can recover if instability can be created in the location of the cations at the binding sites. One idea is to functionalize the ends of the CNTs with saturated −CH 2 CH 2 − groups (see Supplemental Material PS13 [52] for details) to attempt to prevent any direct contact of Na þ with the aromatic rings of the CNT. The results of MD simulations with these functionalized CNTs are shown in Figs. 3 and S11. In the 20-ns simulations, the water flow rate reached 0.7 ns −1 per nanochannel, which is ∼40% of the water flow in the same system with pure water (without any ions) of 1.7 ns −1 per nanochannel [see Fig. 3(a) ]. Given that water moves from the solution to the pure water reservoir against an osmotic gradient of ∼6 MPa, the flow rate is still very high because the water permeability is enhanced by 2-3 orders of magnitude in the nanometer-sized CNTs [30] . Functionalization of the ends of the CNTs with −CH 2 CH 2 − groups weakens the cation-π interaction between Na þ and the CNTs, resulting in an absence of bound Na þ at the entrance [i.e., no peak in the distribution probability of Na þ near the entrance in Fig. 3(b) ].
We can also apply an electric field E along the channel from the pure water side to the salt solution side to pull the cations away from the binding site. The simulation results (Fig. 3 , with more details in Supplemental Material PS14 [52] ) indicate that an electric field exceeding 0.05 V nm −1 forced the channel to open. When the electric field exceeded 0.20 V nm −1 , the water flow rate reached 1.0 ns −1 per nanochannel, as shown in Fig. 3(a) , which is about 60% of the flow of pure water through the CNT filter membrane. The distribution probability of Na þ at the binding sites (z ¼ −7.8 Å) significantly decreased under the electric field [see Fig. 3(b) ]. That is, Na þ could not stably bind to the entrance of CNT channel, and, thus, water flow recovered.
In (8, 8) -type CNTs, Na þ ions are trapped in the interior of the CNT under no electric field [ Fig. 4(a) ], and the trapped Na þ may result in the experimentally observed ion pore-blocking behavior [22] [23] [24] . With application of a strong electric field (E), the Na þ ions escape from the channel at 3 ns under E ¼ 0.25 V nm −1 , as shown in Fig. 4(b) . Further increasing E causes additional Na þ to escape from the channel [see Fig. 4(b) ]. We found that there are four and five such cases for E ¼ 0.25 and 0.30 V nm −1 , respectively. This indicates that under a strong electric field, the channel has a Coulter status. Thus, when there are no trapped ions, the complete hydrogen bond (HB) network is favorable for proton transfer (an open state). However, when a Na þ ion is bound to the channel, the HB network would be partially broken by the Na þ so that proton transfer is unfavorable (a closed state). Furthermore, the dwell time (τ), which is defined as the width of the closed state, decreased from 20 ns (from analysis of the full MD and 2.9 ns at 0.30 V nm −1 , and the trapping probability P also decreased with increasing electric field [see Fig. 4(c) ]. These trends with electric field are consistent with experimental observations [22, 23] , but the dwell time in the simulation is much shorter than that in experiments (about 10 s). We should point out that the 500-μm-long CNT used in experiments is much longer than the 1.4-nm CNT used in the simulations, which may result in different dwell times. The ion mobility, which is defined as the proportionality factor of an ion's velocity and electric field, was 0.2 × 10 −8 m 2 V −1 s −1 in the simulation system, which is close to the experimental value of 5 × 10 −8 m 2 V −1 s −1 for Na þ [22] . If the experimental CNT length is scaled from 500 μm to 1.4 nm with the ion mobility held constant, the dwell time would be about 0.1 ns, which is close to that obtained from the simulation.
The simulations without cation-π interactions show that Na þ will not be trapped in the CNT, and, thus, the CNT remains in an open state (see Supplemental Material PS15 [52] for details).
Moreover, our calculations on the behaviors of K þ , NðCH 3 Þ 4 þ , and Cl − are also consistent with experimental results. K þ shows open or closed state switching of ion transfer, and its ion transport rate is higher than that of Na þ . NðCH 3 Þ 4 þ does not show any trapping characteristics because its large −CH 3 groups will attenuate the interaction between the positively charged center N atom and the CNT by the steric effect, which considerably reduces the cation-π interactions. The interaction between the hydrated Cl − anion and the CNT is very weak, which is similar to the interaction between the hydrated Cl − anion and the graphite surface [49, 65] . Consequently, Cl − also does not result in pore blocking.
In summary, the strong noncovalent interactions between hydrated cations in solution and carbon-based π-electronrich structures (cation-π interactions) were incorporated within classical MD simulations to study the behavior of the cations near and inside CNTs. For narrow (6, 6 )-type CNTs, we found that Na þ easily bind at the entrance of the CNT, resulting in the blocking of water flow through the nanotube. In the (8, 8 )-type CNT, we found that the Na þ ions are easily trapped in the interior of the CNT, and these trapped Na þ ions can escape from the trapped state and move through the channel under an electric field above a threshold value. This explains the mechanism of unexpected open or closed state switching of ion transfer observed in experiments [22] [23] [24] 40] . Simulations with K þ , NðCH 3 Þ 4 þ , and Cl − are also consistent with experimental results. For example, NðCH 3 Þ 4 þ does not show any pore-blocking characteristics, because of the weak cation-π interaction and the large steric effect. We emphasize that the good agreement between our computational results and experimental observations further illustrates the importance of cation-π interactions in the study of the behavior of ion solutions with CNTs, and demonstrates the robustness and reliability of the calculations used in the present study.
Based on the understanding of the behavior of ions and water near and inside narrow (6,6)-type CNTs, we propose two methods to prevent the blocking of CNTs by ions while allowing ultrafast water flow with ion rejection: (1) functionalization of the ends of the CNTs with saturated groups (−CH 2 CH 2 −) to prevent any direct contact between Na þ and the π-electron-rich aromatic rings of the CNT; (2) application of an electric field to pull the cations away from the inlets of the CNTs. We hope that these methods will be helpful for future development of efficient desalination membranes based on CNTs.
Our findings highlight the crucial role of cation-π interactions in the behavior of hydrated ions on typical hydrophobic aromatic-rich carbon-based materials, such as CNT and graphene, and provide insight into the applications of nanofluidic manipulation, extremely sensitive ion detection and separation at the single-molecule level, drug delivery, and biomimetic pore design. 
